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MAGKEIIC  RIfiifiSi  A  CATALQgUE  OF  FIELP  PROFILES 

INTRODUCTION 


Modern  electron  tubes  often  require  permanent  magnet  beam  focusing  structures  that 
are  composed  of  stacks  of  axially  and/or  radially  magnetized  toroidal  permanent  magnets. 
Some  more  complex  magnetic  arrays  can  effect  field  modulations  such  as  the  production 
or  elimination  of  field  gradients,  the  sharpening  of  transitions  in  field  strength  or  the 
smoothing  of  aberrations  incurred  in  manufacture  or  from  peculiarities  of  design.  Both 
types  of  toroidal  magnets  have  proven  useful  as  components  of  such  arrays. 

Choice  of  dimensions  and  magnetic  parameters  of  permanent  magnet  toroids  is 
straight-forward  for  traveling  wave  tubes  and  for  the  structures  of  permanent  magnet 
solenoids,  but  the  choice  is  not  so  obvious  when  structural  peculiarities  demand  a  custom 
ring. 

Accordingly,  it  was  decided  to  generate  a  catalogue  of  both  radially  and  axially 
magnetized  rings  of  rectangular  cross  section.  Axial  fields  for  different  aspect  ratios  and 
bore  diameters  were  generated  by  computer  and  plotted  as  a  function  of  distance  from  the 
center  of  one  of  the  flat  faces  of  the  ring.  From  these  curves  peak  fields,  peak  widths  and, 
in  the  case  of  the  radially  oriented  magnets,  peak  separations  are  obtained.  These  are 
then  plotted  as  a  function  of  axial  ring  width  for  rings  of  different  outer  radius. 


AXIALLY  MAGNETIZED  RING 

Figure  1  shows  the  cross  section  of  an  axially  magnetized  ring,  where  a  and  b  are  the 
inner  and  outer  radii  of  the  ring,  and  L  is  its  width  (width  is  the  axial  component  and 
length  is  the  radial  component).  The  pole  charge  density  a  is  equal  to  the  magnetization 
M  and  is  given  by 


<3  =  M  =  Br  f  An 


(1) 


wliere  is  the  rcmanence  of  the  magnetic  material  used. 

The  magnetic  field  H  at  any  point  along  the  axis  of  the  ring  is  given  by 

H  =  H,^H2  (2) 

where  Hj  is  the  magnetic  field  from  the  positive  poles  and  H2  is  the  magnetic  field  from  an 
equivalent  negative  pole  distribution.  According  to  Coulomb’s  Law,  the  magnetic  field  at 
any  point  along  the  axis  of  the  ring  is  given  by 

u  _  f*  2n M cos  6 dp 
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where  is  the  Rudeness  of  a  circular  charge  element  a  distance  ^  away  fnmi  it  its  axis  and 

r  is  the  disuuK^e  of  the  pde  etetirent  fiom  the  point  on  the  axis  at  which  the  fleki  is 
t^alated.  The  cosine  torm  reflects  the  ctmeribution  from  the  longitudinal  ccanponent 
stee.  the  trwisv^se  comptments  cancel,  a  ami  h  are  the  maximum  and  minimum  values 
4^  p  respectively. 

By  analogy,  a  similar  exi^essicK)  can  be  written  fm-  H2,  the  contribution  from  the 
negatively  poled  plate,  with  M  replied  by  -A#. 

Summatiem  of  ///  and  #f2'  subsequent  to  integration,  yields 

k  =  B,l2^x{x^  +  a^)-^  -  x(x*  +  +  (x +c){{x  +  cf  +  - {x  +  c){(x  +  cf  +  a^]'^ 

where  x  is  the  distance  from  a  face  of  the  ring  tt>  the  point  at  which  the  field  is  being 
determined. 


RAIMALLY  MAGNETIZED  RING 


Hgure  2  shows  the  cross  section  of  a  radially  magnetized  ring  where  a,  b,  and  c  are  the 
uune  dimensions  stated  eariier  for  the  axially  magnetized  ring.  The  magnetic  field  H  at  any 
point  along  the  axis  of  the  ring  is  a  combination  of  dtree  contributions, 

+  (5) 


where  Hi  uid  7/2  are  the  respective  contfibutkms  ficom  the  positive  and  negative  surface 
poles.  As  befexe,  the  surface  pole  density  is  calcuUoed  with  Equation  1 ,  and  H j  and  H2  are 
obtained  through  Equation  3  with  M  being  positive  and  negative  for  Hi  and  H2 
respectively.  H^  is  the  contribution  from  a  net  volume  pole  distribution  and  is  given  by 


T  =  -V  •  Af  =  =  — 

pSp  '  p 


(6) 


yvhere  t  is  tl^  volume  pole  density. 

Again,  Coulomb's  Law  yields  the  field  from  a  positive  pole  element  of  width  dy,  a 
distance  X  away  from  the  ring  along  its  axis.  The  contribution  H^  from  the  volume  pole  is 

derermined  by  tlw  insertion  of  the  volume  pole  density  in  Coulomb's  Law.  Integration 
yields 


where  X  is  measured  from  one  face  of  die  ring. 

The  total  magnetic  field  H  results  when  the  fields  due  to  the  surface  and  volume  pole.s 
are  added  viz. 


-a(aUx'‘Y^ -b(b' +b(bU  x^)'^ 


+  In 


+  {b^  +  (x  -  cf  ||o  +  [a^  +  x*)^| 
|a  +  +  (x  -  cf  4- 


(8) 


CATALOGUE  COMPILATION  PROCEDURE 

RPL  routines  called  AX_R1NG  and  RAD_RING,  Figures  3  and  4,  were  written  to 
generate  tables  of  magnetic  fields  at  regularly  spaced  intervals  along  the  axis  of  the  rings. 
The  inner  radius  of  the  ring  was  held  at  1.0  cm  and  remanence  of  the  magnetic  material 
used  was  10  kG.  The  outer  radius  of  the  ring  was  increased  from  1 .2  cm  to  2.0  cm  in  steps 
of  0.2  cm  while  the  ring  width  was  held  constant.  The  magnetic  field  profiles  for  axially 
magnetized  rings  of  width  0. 1  cm,  0.5  cm,  1.0  cm,  2.0  cm,  4.0  cm  and  10.0  cm  are  shown 
in  Figures  5  through  10.  The  field  profiles  of  radially  magnetized  rings  of  the  same 
remanence  and  the  same  sequence  of  physical  dimensions  were  calculated  and  the  results 
are  shown  in  Figures  1 1  through  16. 


SUMMARY 

A.  AXIALLY  MAGNETIZED  RINGS: 

A  summary  of  the  catalogue  fOT  axially  magnetized  rings  is  presented  in  Figures  17 
and  18. 

1 .  As  expected,  the  field  is  maximum  at  the  center  of  the  ring  and  for  a  given  ring 
thickness,  the  peak  field  is  greater  for  larger  outer  radii. 

2.  Maximum  peak  fields  were  obtained  when  the  ring  thickness  was  equal  to  the  inner 
diameter  of  the  ring. 

3.  For  thin  rings,  i.e.  where  the  width  of  the  ring  is  less  than  the  inner  diameter,  the 
width  of  the  magnetic  field  profile  is  an  order  of  magnitude  wider  than  the  width  of  the  ring 
it.self. 

4.  For  rings  of  width  equal  to  or  greater  than  the  inner  diameter  of  the  ring,  the  peak 
width,  to  zero  field,  is  the  same  as  the  ring  width. 
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5.  For  rings  of  width  ccxisiderably  larger  dian  ti^  inner  dimeter,  the  magnetic  field  is 
mnKimintt  nlose  to  but  widiin  tl»  e^es  of  the  ring;  the  field  in  the  interior  of  the  ring  is 
tbmewhat  less  than  the  peak  ^id. 

fc 

A  summary  of  the  catalo^ie  for  radially  magnetized  rings  is  presented  in  Figures  19 

and  20. 

1 .  The  fiehi  at  the  center  the  ring  is  zero  and  imneases  as  the  edges  are  approached. 
Again,  fw  a  given  ring  wkith,  the  larger  the  outer  radius,  the  higher  the  peak  field. 

2.  Peak  fields  are  maximum  when  the  width  of  the  ring  is  twice  the  inner  diameter, 
increasing  the  ring  width  beyond  this  rado  yields  diminishing  return  as  far  as  field  strengdis 
ire  cotmmned. 

3.  For  nanow  rings  where  the  width  of  the  ring  is  less  than  the  inner  diameter,  the  peak 
separation  is  up  td  an  tmier  of  ma^itude  higher  than  the  ring  width. 

4.  For  ring  widths  equal  to  or  greater  dian  the  inner  diameter  of  the  ring,  peak 
^paradon  is  of  the  onfcr  of  the  ring  widU).  widi  the  peak  close  to  but  outside  of  the  ring 
itself. 

5.  As  the  rings  get  much  wider  than  the  inner  diameter,  the  fields  remain  zero  in  the 
interior  of  die  ring  along  its  axis  with  significant  magnetic  fields  close  to  the  two  surfaces. 


EXAMPLE  OF  MAGNETIC  RING  MODULATION 

An  application  of  magnetic  field  modulation  through  the  use  of  radially,  as  well  as 
kxialiy,  magnetized  rings  is  illusnated  in  the  following  example  1 .  A  permanent  magnet 
field  source  was  desigimd  to  provide  a  constant  axial  fiekl  of  2.0  kOe  in  the  larger  of  two 
chambrns  and  0.5  kOe  in  the  smaller  of  the  two  tandem  permanent  magnet  solenoids  as 
shown  in  Figure  21.  Figure  22  shows  the  (Higinal  bichambered  model  and  its  on-axis  field 
profile  wlmieas  Figure  23  displays  the  equivalent  ring  modified  model  and  the  resulting 
field  alrnig  its  axis.  Comparison  of  Figures  22  and  23  shows  how  the  presence  of  a  radially 
magnetized  ring  internal  to  the  junction  of  the  two  solenoids  affects  the  transition  in  field 
values:  in  the  absence  of  the  above  mentioned  ring,  the  transition  is  narrowed  by 
apm'oxima^ly  50%. 

Also,  as  Figures  22  and  23  indicate,  the  field  gnulient  in  the  circuit  chamber  arising 
from  flux  teakage  due  to  imperfect  cladding  at  the  ends  is  reduced  by  the  strategic 
nhfipemeat  of  axially  magnetized  rings,  oim  outside  and  another  inside  the  circuit  chamber. 
Figure  24  illustrates  the  details  of  transition  narrowing  by  placement  of  the  radially 
tirienuxi  ruig  at  the  junctmn  of  the  chambers. 
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Figure  1.  Parameters  for  axially  magnetized  ring 
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Figure  2.  parameters  for  radially  magnetized  ring 


PROCEDURE;  /*  This  procedure,  AX_R1NG,  asks  for  the  name  for  a  table  it  will 
generate,  upon  being  told  the  number  of  rows  'R'  and  the  number 
of  columns  C  it  should  have.  The  table  cell  values  are 
determined  by  a  function  that  calculates  the  magnetic  field  at 
0.1  cm  intervals  along  the  axis  of  an  axially  magnetized  ring; 
where:  M  =  remanence  of  the  magnetic  material 
L  -  axial  width  of  the  ring 
D  =  is  the  outer  radius  of  the  ring 
The  iimer  radius  of  the  ring  is  1  cm  and  the  calculated  function 
is  symmetrical  about  one  edge  of  the  ring.  ♦/ 

TNAMMjETTABLEC’Name  of  new  table: ’’.TRUE); 
A=GETNUMBER("Number  of  rows,any  odd  number:"); 
M=GETNUMBER("Remanence  of  magnetic  material  in  kG:"); 
L=GETNUMBER("Width  of  axially  magnetized  ring  in  cm:"); 

C=l; 

DOD=l.lT0  2BY.l; 

R=l* 

DO  X=-(A-l)/20  TO  (A-l)/20  BY  0.1; 

VALUE=  M*1000*(X/SQRT(X**2  + 1) 

-X/SQRT(X**2  +  D**2) 

+(X+L)/SQRT((X+L)**2  +  D**2) 

-(X+L)/SQRT((X+L)**2  + 1))/2; 

SET  ROW  R  COL  C  OF  TABLE(TNAM)  TO  VALUE; 

SET  ROW  R  COL  0  OF  TABLE(TNAM)  TO  X; 

R=R+1; 

END; 

C=C+1; 

END; 

DISPLAY  TABLE(TNAM); 

END; 


Figure  3.  RPL  routine  for  obtaining  field  profiles  for  axially  magnetized  rings. 


7 


PROCEDURE;  /*  This  procedure,  radring,  asks  for  the  name  of  a  table  it  will 
generate,  upon  being  told  the  number  of  rows  ’R’  and  the  number 
of  columns  'C  it  should  have.  The  table  cell  values  arc 
dei^c  rmined  by  a  function  that  calculates  the  magnetic  field  at 
0.1  cm  intervals  along  the  axis  of  a  radially  magnetized  ring; 
where:  B  =  remancnce  of  the  magnetic  material 
L  =  axial  width  of  the  ring 
D  =  outer  radius  of  the  ring 

The  inner  radius  of  the  ring  is  1,0  cm  and  the  zero  of  the 
x-axis  sits  on  the  left  edge  of  the  ring.  */ 


TNAM^GETTABLEC'Name  of  new  tabie:",TRUE); 

A=GETNUMBER(”Number  of  rows:'*); 

B=GETNUMBER("Remanence  of  magnetic  material  in  kG:"); 

L=GETNlUIVlBER("Width  of  radially  magnetized  ring  in  cm:"); 

C=l; 

DOD=l.lTO2.0BY0.1; 

R=l; 

DO  XMA-l)/20  TO  (A-l)/20  BY  0.1; 

VALUE*  B*500*(1/SQRT(1+(X-L)**2) 

.1/SQRT(1+X**2) 

-D/SQRT(D**2+(X-L)**2) 

+D/SQRT(D**2+X**2) 

+LOG(D+SQRT((X-L)**2+D**2)) 

-LOG(l+SQRT(l+(X-L)**2)) 

-LOG(D+SQRT(D**2+X**2)) 

+LOG(l+SQRT(l+X**2))); 

SET  ROW  R  COL  C  OF  TABLE(TNAM)  TO  VALUE; 

SET  ROW  R  COL  0  OF  TABLE(TNAM)  TO  X; 

R=R+1; 

END; 

C=C+1; 

END; 

DISPLAY  TABLE(TNAM); 

END; 


Figure  4.  RPL  routine  for  obtaining  fiueld  profiles  for  radially  magnetized  rings. 
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Figure  S.  !«lagnetic  field  along  the  axis  of  a  0.1  cm  wide  axially  magnetized  ring. 
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Figure  6.  Magnetic  field  along  the  axis  of  a  0.5  cm  wide  axially  magnetized  ring. 


Figure  7.  Magnetic  field  along  the  axis  of  a  1.0  cm  wide  axially  magnetized  ring 
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Figure  9.  Magnetic  field  along  the  axis  of  a  4.0  cm  wide  axially  magnetized  ring 


Figure  10.  Magnetic  field  along  the  axis  of  a  10  0  cm  wide  axially  magnetized  ring 
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Figure  1 1.  Magnetic  field  aong  the  axis  of  a  0.1  cm  wide  radially  magnetized  ring. 
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Figure  12.  Magnetic  field  aong  the  axis  of  a  0.5  cm  wide  radially  magnetized  ring. 
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Figure  13.  Magnetic  field  along  the  axis  of  a  1.0  cm  wide  radially  magnetized  ring 


Figure  14.  Magnetic  field  along  the  axis  of  a  2.0  cm  wide  radially  magnetized  ring 
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Figure  16.  Magnetic  field  along  the  axis  of  a  10.0  cm  wide  radially  magnetized  ring 
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Figure  17.  Summary  of  field  profiles  generated  by  axially  magnetized  rings 


Figure  18.  Peak  width/ring  width  for  axially  magnetized  rings 
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Figme  W.  Pfcak  widthMng  width  for  radially  magnetized  rings 
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Figure  23.  On-axis  field  plot  of  fully  adjusted  pcnnancnt  magnet  solenoid 


Figme  24,  TVansiticKi  width  nanowing  by  placement  of  radially  magnetized  ring 
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